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Abstract 
We present a comprehensive model to analyze, quantitatively, and predict the process of 
degradation of organic light-emitting diodes (OLEDs) considering all possible degradation 
mechanisms, i.e., polaron, exciton, exciton–polaron interactions, exciton–exciton interactions, 
and a newly proposed impurity effect. The loss of efficiency during degradation is presented 
as a function of quencher density, the density and generation mechanisms of which were 
extracted using a voltage rise model. The comprehensive model was applied to stable blue 
phosphorescent OLEDs (PhOLEDs), and the results showed that the model described the 
voltage rise and external quantum efficiency (EQE) loss very well, and that the quenchers in 
emitting layer (EML) were mainly generated by dopant polarons. Quencher formation was 
confirmed from a mass spectrometry. The polaron density per dopant molecule in EML was 
reduced by controlling the emitter doping ratio, resulting in the highest reported LT50 of 431 
hours at an initial brightness of 500 cd/m2 with CIEy<0.25 and high external quantum efficiency 
(EQE) >18%. 
 
Ⅰ. INTRODUCTION 
 
Organic light-emitting diodes (OLEDs) are widely used as displays in cellular phones and TVs 
and their application is extending to lighting. The efficiency of blue OLEDs in these devices is 
still low compared to phosphorescent red and green OLEDs[1–4] and the device lifetimes of 
triplet harvesting phosphorescent and TADF (thermally activated delayed fluorescent) blue 
OLEDs are too short to be used in real displays.[5–11] The development of highly efficient pure 
blue OLEDs with long lifetimes is a key research topic. Various mechanisms, such as exciton–
exciton[8] or exciton–polaron interaction,[6,12,13] exciton itself,[13–15] and radical ion pair between 
host exciton and dopant[9] have been proposed to explain the degradation of (blue) OLEDs. A 
few degradation models of OLEDs have also been proposed. Giebink et al. reported a model 
of luminance loss and voltage rise in blue PhOLEDs and proposed exciton–polaron 
annihilation as the primary mechanism of defect formation.[6] Brutting et al. and Homles’ group 
presented luminance loss models that depict the relative ratio of exciton formation efficiency 
and effective quantum efficiency on degradation of green PhOLEDs.[16–18] A model describing 
the degradation processes in polymer LEDs has also been reported.[19] 
As quencher formation is likely to be caused by various factors simultaneously, it is 
necessary to consider a combination of the previously proposed mechanisms. To develop a 
general degradation model, it is necessary to include additional factors that may contribute to 
quencher formation, such as unstable polaron states without involving excitons, and impurities 
incorporated during device fabrication (O2, H2O or other volatile components) and/or in source 
materials. Despite the potential instability and high density of polaron state in EML during 
operation, the presence of polarons in EML has not been reported as a major reason for 
degradation. In addition, rapid changes in driving voltage and luminance over a short time scale 
can be caused by impurities, such as water and oxygen.[5,7] However, conventional degradation 
models did not consider the impurity factors. Therefore, a model that can describe the 
quantitative contribution of each mechanism to degradation and explain the more general and 
comprehensive degradation phenomena, including quencher formation, is still needed. 
Here, we present a comprehensive and general model for describing the degradation of 
OLEDs. Our model consists of two equations describing the efficiency loss and the voltage 
increase during electrical operation as functions of quencher density. The effect of the quencher 
on exciton formation efficiency and the effective quantum efficiency are described by 
measurable parameters in the equations. Polaron and impurity effects as well as the exciton, 
exciton–polaron, and exciton–exciton interactions are considered to be the mechanisms 
underlying quencher generation (degradation). This model allows quantitative analysis of the 
contribution of each mechanism to the total device degradation. Analysis of a stable blue 
phosphorescent device using the degradation model showed that quenchers are generated by 
all mechanisms originating from impurities, polaron, exciton, exciton–polaron, and exciton–
exciton interactions. Transporting materials are degraded by the exciton-mediated processes. 
Interestingly, however, quenchers in the emitting layer (EML) are mainly generated by dopant 
polarons. To our knowledge, this is the first report that the polaron itself can have the greatest 
impact on degradation of phosphorescent dyes in EML. In contrast, transporting materials are 
degraded by the exciton-mediated processes. We then reduced the polaron density per dopant 
molecule by increasing the emitter doping concentration to achieve the highest reported 
lifetime of 431 hours of LT50 at an initial brightness of 500 cd/m2 while maintaining the high 
EQE around 18% with CIEy<0.25 in a blue phosphorescent device. 
 
Ⅱ. MODEL 
 
A. Modeling of degradation process 
 
The processes of exciton generation and annihilation in an OLED are schematically illustrated 
in Fig. 1. The sky blue region represents the EML, while yellow and orange colors represent 
the other layers. The processes in the pristine device are indicated by the blue lines. The injected 
charges are recombined at host (H) (①) or at dopant (D) (③) with recombination rates of Hreck  
and Dreck , respectively, or at other layers or leaked out from the EML (⑨). The exciton energy 
of the host is transferred to the dopant at a rate of HDETk  (②) or emitted as light or heat with 
decay rates of Hrk   and 
H
nrk   (⑤), respectively. The dopant excitons generated by direct 
recombination on the dopant or energy transfer from host, decay radiatively or non-radiatively 
with decay rates of Drk  and 
D
nrk , respectively (④). 
The newly developed processes in the aged (degraded) device are indicated by red lines. 
Quenchers indicated by Q in Fig. 1 are assumed to be generated throughout the electrically 
degraded device, including the EML. We assume that the singlet-triplet ratio (1:3), radiative 
decay rates, energy transfer rate from host exciton to dopant, absorption coefficient in EML, 
refractive indices, and Purcell factor are constant during the electrical operation of OLEDs. 
The quencher (Q) can act as deep charge trap, non-radiative recombination center, and 
luminance quencher depending on their energy and location in the device. The rates of 
luminance loss processes are affected by the density of the quenchers in the EML. The host 
excitons can transfer energy to the quencher (⑥) with a rate of [ ( )]HQET EMLk Q t , which reduces 
the energy transfer efficiency to the dopant ( HDET ). Here, [ ( )]EMLQ t is the quencher density in 
EML. The energy transfer from the dopant exciton to the quencher (⑦) with a rate of 
[ ( )]DQET EMLk Q t  , and biparticle interaction (⑩) with an annihilation rate of 
D
BQk   result in 
luminance quenching as well as quencher generation. When quenchers act as non-radiative 
recombination centers, the injected charges can be recombined directly at the quenchers (⑧) 
with a recombination rate of Qreck  reducing the exciton formation efficiency in the EML. Note 
that the bimolecular interactions[20–23] and charge leakage[22,23] can also occur in the pristine 
device. 
 
B. Modeling of efficiency loss 
 
The EQE of an electrically aged device shown in Fig. 1 can be expressed as follows: 
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where (t) and ( )Cn AnJ J t  represent the electron current densities at the cathode and anode sides 
of the EML at operation time t, respectively; EL  is the ratio of host excitons to the total 
excitons (host exciton plus dopant excitons) formed in the EML, and F is the Purcell factor 
describing enhancement of the spontaneous emission rate in the device.[ 25] The first and second 
terms on the right hand side represent the exciton formation efficiency ( ( )EF t ), considering 
recombination at quenchers (details given in Table Ⅰ). We considered hole traps in the 
recombination at quenchers, but electron traps can be included depending on devices. The third 
and fourth terms represent the effective quantum efficiency ( ( )effq t ), which is decreased due to 
the increased exciton quenching. The general model in Equation (1) describes the effects of 
( )EF t  and ( )effq t  on the total EQE loss as a function of [ ( )]EMLQ t . We applied the model 
to analyze the degradation process of a blue phosphorescent device and to enhance further the 
operational lifetime. All of the rates in Fig. 1 and Equation 1 can be determined experimentally, 
as summarized in Table Ⅰ. The equation (1) can be applied to phosphorescent OLEDs as it is, 
but it can also be applied to fluorescent [need to multiply by 0.25 to the EQE(t)] or TADF 
OLEDs with slight modification. 
 
C. Modeling of voltage rise and quencher density 
 
The changes in operating voltage during electrical operation arise from trapped charges 
generated both inside and outside of the EML. Assuming that all the quenchers (  ( , )Q x t ) act 
as deep charge traps, the voltage rise is represented as[6,8]  
 
0
0
( ) ( ) ( )
Le
V t f Q t x g x dx

   .      (1) 
Here, 0,   are the relative dielectric constant of the organic layers and permittivity of free 
space, respectively, f is the occupational probability of charge at Q, and L is the thickness of 
OLEDs, respectively. The quencher density at positon x and time t has a relationship of 
[ ( , )] [ ( )] ( )Q x t Q t g x  , where g(x) is the normalized quencher distribution function as shown 
in Appendix A in details. As quenchers can be formed by polarons, excitons, exciton–polaron 
interaction, and exciton–exciton interaction, it is necessary to consider the contribution of all 
possible mechanisms. In addition, we consider the impurity effect (or more generally extrinsic 
effect) with the initial concentration of 0[ ( )]A x  in the degradation model, which originates 
from source materials or incorporated during the fabrication process, including H2O or O2. This 
is necessary because the lifetime of OLEDs is significantly influenced by purity of materials 
and fabrication processes, e.g., vacuum level in the evaporation process or residual solvent in 
the solution process.[5,25,26] Here, we assumed that these impurities formed quenchers at the 
initial stage of the operation with first-order kinetics by (
imp
QFkA P Q   ), where A is the 
impurity density, P is polaron density, Q is the quencher density, and 
imp
QFk  is the quencher 
formation rate constant by impurities, resulting in 0[ ( , )] [ ( )] 1 exp( [ ( )] )
imp
E QFQ x t A x k P x t     . 
Different kinetic equations can be applied depending on the nature of impurities. This impurity 
effect accounts for the rapid increase in driving voltage at the initial stage in our specific 
example discussed later, and then the quencher density by impurities becomes constant if the 
impurity is consumed. Then, the quencher formation rate at position x and time t is represented 
as: 
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where [ ( , )]P x t  is polaron density, [ ( , )]N x t  is exciton density, and [ ( , )]A x t  is the impurity 
density with the initial density of 0[ ( )]A x  . The quencher generation rates by different 
mechanisms can be determined by analyzing the voltage rise over time by combining Equations 
(2) and (3). It should be noted that the quencher generation by excitons and exciton–polaron 
under constant current shows the same first-order reaction kinetics against the exciton density. 
The details of the application of the equations are presented in Appendix A. The density, 
location, and generation rate of quenchers can be obtained by the best fit of the voltage rise 
model with experimental data.  
 
Ⅲ. Results and Discussion 
 
A. Application to blue phosphorescent device 
 
Fig. 2(a) shows the schematic device structure[9,27] with the energy level diagram of a blue 
phosphorescent device used for analysis of the degradation mechanism using the degradation 
model. The blue-emitting Ir-dopant and the wide bandgap host (mCBP-CN) are used in the 
EML with the emitter doping concentration of 10 wt%, and their chemical structures are shown 
in Fig. 2(b). The J–V–L characteristics are shown in Fig. 2(c). The experimentally obtained 
maximum EQE of the pristine device was 18.3%, as shown in Fig. 2(d), and the CIE coordinate 
of the emitted light was (0.15, 0.23) at J=10 mA/cm2 (Fig. 2(e)). The exciton profiles in the 
EML were measured experimentally by the sensing-layer method (Fig. 2(f)) to apply the 
model.[22]   
Fig 3(a) (black line) and Fig. 3(b) (black line) show the rise in operating voltage ( V ) and 
luminance loss (or EQE loss) over time at a constant current density of J=1.65 mA/cm2 
corresponding to the initial luminance of 500 cd/m2. It should be noted that the luminance loss 
is proportional to the efficiency loss because the emission spectra do not change during the 
operation. LT50, corresponding to the operation time when the luminance decreases to 50% of 
its initial value, approached 238 hours with the voltage rise ( V ) of 0.34 V.  
 
B. Analysis of driving voltage and calculation of quencher density 
 
The generation mechanism and density of the quencher in the EML and charge transporting 
layers were determined using the voltage rise model. In this simulation, we consider five 
different quencher generation mechanisms: polaron, exciton, and/or exciton–polaron 
interactions, exciton–exciton interactions, and impurities represented by the rate constants of 
0[ ], [ ],   , [ ]  and [ ]
P E EP EE imp
QF QF QF QF QFk p k k p k A k p .  
Fig. 3(a) shows the fitting results of the experimental voltage change (black line) using the 
model (Equations 2 and 3) developed in this study. Details of the fitting process are described 
in Appendix A and the results are in Table. Ⅱ. The voltage increase with time cannot be 
reproduced well just by considering the polaron, exciton, exciton–polaron, and exciton–exciton 
interactions ( , + [ ] and P E EP EEQF QF QF QFk k k P k  ) without the impurity effect (blue dashed line). In 
contrast, the experimental data were very well fitted by including the impurity factor (red 
dotted-dashed line). The impurity effect { 0[ ]  and 
imp
QFA k } accounted for the rapid increase in 
driving voltage at the initial stage, and the defect generation rate was exponentially reduced 
with time as the impurities were consumed by reaction. To confirm that the fitted line in Fig. 
3(a) is the only solution of the model, we examined various fittings by changing the fitting 
parameters as shown in Fig. S1. Fig. 3(c) shows the contributions of different degradation 
processes to the increase in driving voltage. The quencher densities at LT50 generated by 
polaron, exciton–polaron, exciton–exciton annihilation, and impurity factor were 
17 33.4 10 ( )cm  , 17 32.0 10 ( )cm  , 17 32.1 10 cm  , and 17 32.1 10 ( )cm  , respectively. These 
results clearly showed that not a single mechanism but all of the mechanisms together 
contributed to the generation of quenchers in the device affecting the driving voltage.  
 
C. Quencher generation rate and mechanism in EML 
 
The parameters in Fig. 1 determined using the pristine device using the equations in Table Ⅰ are 
summarized in Table Ⅲ and Experimental section. The exciton quenching rates corresponding 
to ⑥ and ⑦ in Fig. 1 were obtained by measuring the decreased PL intensity of the host and 
the radiative lifetime of the emitter exciton, respectively, in the degraded devices at LT75, LT60, 
and LT50, and are shown in Fig. 4(a) and 4(b). (refer to Table Ⅰ and Experimental section). The 
measured quenching rates of the host and dopant excitons and, therefore, the quencher density 
in the EML, increase linearly with operating time if the energy transfer rate are assumed to be 
constant ( ,DQ HQET ETk k ). These results indicate that the quenchers in the EML are generated by 
polarons because the polaron density is kept constant during the operation. The exciton-
mediated processes (exciton, exciton–polaron, and exciton–exciton) were discarded as the 
origins of quencher generation because the exciton density decreases over time in the EML 
(Appendix B). The exciton mediated processes were effective outside the EML where the 
quencher generation rate is reduced with operation time. Polaron-induced quencher generation 
in the EML was supported by the observation that the lifetime acceleration factor[28–30] is close 
to 1, as shown in Fig. 4(c). EQEs were almost constant from 500 cd/m2 to 3000 cd/m2 in the 
device and so the initial luminance was linearly proportional to the current (polaron) density. 
Therefore, LT50 (quencher density) was linearly proportional to the current density. If the 
degradation is induced by exciton–polaron or exciton–exciton mechanisms, n must be >1 and 
close to 2. If quenchers are generated by excitons, n must be lower than 1. 
 
D. Quencher generation rate and mechanisms in transporting layers 
 
Among the total quenchers, we considered that the polaron-induced quenchers and 20% of 
impurity quenchers (30 nm of EML to total 140 nm of device) are generated in the EML as 
discussed in the previous section. Therefore, Q of 3.8×1017 cm−3 is in the EML among the total 
Q of 9.51017 cm−3 at LT50. The quenchers from exciton interactions analyzed in Fig. 3(c) and 
80% of the impurity quenchers are then generated outside of the EML. In this device structure, 
holes are likely to be accumulated at the NPB/TCTA and TCTA/mCBP interfaces due to the 
energy barriers. Electrons are also likely to be leaked to the hole transporting layer (HTL) as 
inferred from the low energy barrier and the large exciton density near the HTL (Fig. 2(f)). In 
addition, the excitons at the EML/electron transporting layer (ETL) interface and ETL can 
generate quenchers by exciton–polaron (both anions and cations) and exciton–exciton 
interactions due to the high density of polarons. Therefore, exciton–polaron and exciton–
exciton interactions can result in the formation of quenchers in the transporting layers along 
with a portion of the impurity quenchers, thus influencing the driving voltage but not the 
luminance.  
 E. Prediction and analysis of the efficiency loss of blue PhOLED 
 
With the model, we can predict EQE and luminance as functions of time and quencher density 
using the rate constants shown in Table Ⅲ and Fig. 4. We assume that out-coupling efficiency 
( ( )out t ) does not change during the degradation because the change in exciton distribution in 
the EML is negligible as deduced from the EL spectra that remained the same during electrical 
aging (Fig. 2(e)). Fig. 3(b) shows a comparison of the experimental data (black line) with the 
theoretical predictions based on different degradation mechanisms. The red dashed line, 
considering the polaron-induced quencher formation in the EML as the degradation mechanism 
along with the impurity effect, showed excellent agreement with the experimental data 
compared to the exciton or exciton–polaron (violet) or exciton–exciton (yellow) interactions. 
Fig. 3(d) shows the EQE loss over time (blue area) with loss of exciton formation efficiency 
(green area) and effective quantum efficiency (yellow area) calculated using Q(t) and Equation 
(1). The symbols are experimental values from fresh, LT75, LT60, and LT50 devices. The 
experimental values (open symbols) matched perfectly with the calculations (black lines). The 
exciton formation efficiency was decreased from 0.92 to 0.81 (88%) at LT50, and the effective 
quantum efficiency was decreased from 0.84 to 0.49 (58%) at LT50 with [Q]EML of 
17 33.8 10 ( )cm .  
 
F. More stable blue PhOLED 
 
The above analysis clearly showed that the luminance degradation in the device is mediated by 
polarons. We increased the doping concentration of emitters in the device to 20% to reduce the 
quencher formation rate in the EML or to increase the device lifetime. Assuming that the 
trapped charge density is constant in 10% and 20% doped devices, the charge density per 
dopant molecule is decreased by half in the 20% doped device, with the expectation of doubling 
the lifetime. The J-V-L characteristics, EQE  with the maximum of 18.3%), the emission 
spectrum and the recombination zone of the 20% doped device were almost the same as the 
10% doped device as displayed in Figs. 5(a),5(b) and 2(f), respectively, indicating that the 
charge transport properties in the EML does not change much with doping concentration in the 
device. As expected, however, the lifetime of the 20% doped device was two time longer with 
LT50 of 431 hours at an initial luminance of 500 cd/m2 as shown in Fig. 5(c). This is the highest 
reported value of the lifetime for a blue phosphorescent OLED below CIEy<0.25. An analysis 
of the degradation mechanisms of the 20% doped device is shown in Fig. 6. The quencher 
density in the EML of the 20% doped device also increases linearly with operating time, 
indicating that the quenchers in the EML of the 20% doped device are generated by polarons 
as like the 10% doped device (Fig 6(a)). The variations of ΔV, [Q(t)] and luminance over time 
of the 20% doped device  are almost same as the 10% doped device as shown in Figs. 6(b), 
6(c) and 6(d), respectively, but the lifetime is doubled due to the half of the quencher formation 
rate compared to the rate of the 10% doped device as shown in Table Ⅱ.  
 
G. Quencher analysis by DESI-MS imaging 
 
The above analysis showed that degradation takes place not only in the EML but also in the 
transporting layers. Polarons and impurities played major role in degradation in EML and other 
exciton, exciton-polaron and exciton-exciton interactions degraded the transporting layers.  
Desorption electrospray ionization mass spectrometry (DESI-MS) of the blue devices was 
performed to confirm the degradation of the materials. The experimental details of DESI-MS 
are described in the Experimental section. Fig. 7(a) shows DESI-MS images of the fresh and 
aged (LT10) devices with 10% Ir-dopant. The densities of the dopant (m/z=1007.2), TCTA 
(HTL, m/z=741.3), and DBFPO (ETL, m/z=569.1) of the aged devices were decreased, while 
the densities of the host (mCBP-CN, m/z=510.2) and mCP (m/z=409.2) remained similar after 
degradation. The new products with m/z=937.3 and 485.2 were observed only in the aged 
device, as shown in Fig. S3. Fig. 7(b) shows the possible origins of the new products (m/z 
=485.2), which may be TCTA molecular fragments generated by dissociation of C-N bonds. 
The new product with m/z=937.3 could be produced by fragmentation of Ir-dopant ligand and 
a TCTA molecule. There was no direct evidence of an Ir-containing fragment present only in 
the aged pixel with the unique isotope pattern of Ir. Nevertheless, the mass density normalized 
by that of fresh pixels between 10% and 20% Ir-doped devices (Fig. S4.) also showed decreases 
of Ir-dopant and TCTA after operation. Other degradation products with m/z of 369.1, 493.1, 
535.2, 585.1, 645.2, 1528.5, 1607.6, 1612.5, and 1624.6 were also found, and the potential 
molecular structures of these masses are listed in Table S1. Therefore, the results support the 
analysis that the dopant is degraded in the EML, and the HTL and ETL are also degraded, as 
mentioned in the previous sections. However, this mass analysis does not give information on 
the degradation mechanism of each layer. 
 
Ⅳ. Conclusion 
 
We presented a comprehensive model describing the degradation of OLEDs considering all 
possible degradation mechanisms, i.e., polaron, exciton, exciton–polaron, and exciton–exciton 
interactions and a newly proposed impurity effect in an equation. The degradation process is 
correlated with the formation of quenchers in the model. Therefore, the model allows us to 
identify the origin, density, and location of the quenchers using the rise of the operation voltage, 
EQE loss, and some independent experiments. Moreover, variation of the exciton formation 
efficiency and the EQE during degradation could be obtained without any fitting parameters. 
We applied the model to analyze the degradation process of a highly efficient stable blue 
phosphorescent OLED, and the results indicated that the model described the degradation 
processes of operation voltage and EQE very well. The analysis suggested that the quenchers 
are generated not by a single mechanism but by all of the mechanisms outlined above. 
Interestingly, however, quenchers in the EML are generated mainly due to degradation of the 
dopant by polarons and impurities. The analysis indicated that we could increase the lifetime 
of the device twice by increasing the doping ratio to reduce the polaron density per dopant 
molecule to half, and achieve high efficiency (18% EQE) with the highest value of LT50 of 431 
hours at an initial brightness of 500 cd/m2 for blue phosphorescent OLEDs below CIEy<0.25 
using conventional device structure and materials. 
 
Ⅴ. Experimental Section 
 
Materials 
All common layers were composed of commercially available materials, and used without any 
further purification (sublimed grade). mCBP-CN (>99.96%) and Ir-dopant (>99.88%) were 
synthesized according to the method reported previously[9,33] and purified by sublimation at 
10−6 torr. The purity of materials was determined by high-performance liquid 
chromatography (HPLC) analysis (Alliance e2695; Waters Corporation, Milford, MA). 
Device fabrication and characterization  
Blue PhOLED devices were fabricated to analyze quantitatively the performance: indium tin 
oxide (ITO) (150 nm)/HAT-CN (1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile) (10 
nm)/NPB (N,N-di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine) (50 nm)/TCTA 
(4,4′,4′′-Tris(carbazol-9-yl)triphenylamine) (5 nm)/mCP (1,3-bis(N-carbazolyl)benzene) (5 
nm)/mCBP-CN:Ir-dopant (10 wt%, 20 wt%, 30 nm)/DBFPO (2,8-
bis(diphenylphosphineoxide)-dibenzofuran) (10 nm)/DBFPO:Liq (lithium quinolinate) (1:1, 
30 nm)/Liq (1 nm)/Al (100 nm). The organic, Liq, and metal layers were deposited sequentially 
on pre-cleaned ITO glass substrates (acetone, isopropanol, deionized water, and UV-ozone 
treatment) using a thermal evaporation system at pressure 
72.0 10   torr. The deposition 
rates of the organic and metal layers were controlled independently from 0.1 to 1 nm s−1, while 
Liq was deposited at a rate 0.01 nm s−1. The devices were encapsulated in a nitrogen-filled 
glove box prior to the measurements. The current density–voltage–luminance (JVL) 
characteristics and the EL spectra were measured using a programmable source meter (Keithley 
2400, active area of devices 4 mm2) and a spectrophotometer (Photo Research Spectrascan 
PR650). EQEs were estimated under the assumption of a Lambertian emission pattern. The 
lifetime measurements (LT50) of devices were determined in constant current mode in a 
temperature controlled chamber (25°C). All organic films for optical and electrical 
characterization were thermally deposited onto the quartz or ITO substrates. 
Photophysical characterization  
The transient PL decays and PL spectra of the films and devices were analyzed using a N2 laser 
(337 nm; Usho Optical Systems Co., Osaka, Japan) and a streak camera system (C10627; 
Hamamatsu Photonics, Shizuoka, Japan). The electrically pumped transient PL measurements 
were performed by combining and synchronizing quasi steady-state electrical pulses (pulse 
width 200 μs, repetition rate 20 Hz, DG645; Stanford Research Systems, Sunnyvale, CA) with 
the transient PL system excited at the middle of the voltage pulses.[23] 
Exciton quenching rate in EML  
The radiative lifetime of the dopant at constant current density of J=1.65 mA/cm2 was 
measured by transient PL(t) of dopant emission in fresh and degraded devices using a streak 
camera system, and decreased from 1.46 s  at t=0 to 1.16 s  at LT50 (238 hours), as shown 
in Fig. 4(a). The additional non-radiative decay rates originating from the energy transfer from 
the dopant exciton by the quencher, [ ( )]DQET EMLk Q t , (process ⑦ in Fig. 1. and Table 1) can be 
extracted from the exciton lifetimes and were linearly increased to 
5 12 10 s  at LT50, as 
shown in Fig. 4(a). The PL intensities of dopant emission in the fresh and aged devices were 
measured, and also shown to decrease gradually to 57% of the fresh device at LT50 (0.88 to 
0.5). The reduction of PL intensity originates from two sources; one from the reduced energy 
transfer efficiency from host excitons to dopant (⑥ in Fig. 1. and Table 1) and the other from 
the ET of the dopant exciton to quencher (⑦ in Fig. 1. and Table 1) represented by 
( )( )( )
( 0) ( 0) ( 0)
HD
effET
HD
ET eff
q ttPL t
PL t t q t


 
  
. By combining the quantum efficiency of the dopant obtained 
by transient PL measurement (Fig. 4(a)) and the quantum efficiency of the EML measured by 
reduced PL intensity (Fig. 4(b)), we obtained the energy transfer rate from the host exciton to 
quencher using equation ⑥ in Table 1. Fig. 4(b) (right scale) shows the energy transfer rate 
from the host excitons to quencher over time, which increased almost linearly to 
10 14 10 s  at 
LT50. 
Quencher analysis  
Desorption electrospray ionization mass spectroscopy (DESI-MS) was performed to confirm 
the degradation products of the electrically degraded blue PhOLED device. Laser desorption 
ionization (LDI) is a commonly used technique to analyze molecular fragmentation. However, 
there was a limitation to ionizing electron transporting materials in our system (Fig. S2.). The 
DESI-MS imaging method has been widely used in biotechnology,[31,32] but has not been 
applied to organic electronics. All MS experiments were performed using a mass spectrometer 
(Synapt G2-Si; Waters Corp., Milford, MA) with a 2nd generation 2D DESI ion source (Waters 
Corp.). The samples were placed on a 3D moving stage using double-sided tape and analyzed 
by DESI-MS in positive ion mode. Typical instrumental parameters used were 5 kV capillary 
voltage and 150°C source temperature. Acetonitrile:water (90:10) solution was used as spray 
solvent and delivered at a flow rate of 1 µL/min. Leucine enkephalin (0.2 ng/µL) was added to 
the solution as lock-spray solution. Mass spectra were acquired as full scans in positive mode 
over the mass range from m/z=200 to 1700. The sprayer to surface distance was 1.0–1.5 mm, 
the sprayer to inlet distance was 3–5 mm, and the incident spray was set at 60°. To acquire 
DESI-MS images, the samples were scanned in horizontal rows separated by 100 to 100 µm 
vertical steps until the specified area of the sample was analyzed. The lines were scanned at a 
constant velocity of 100 m/s and the scan time was set to 0.985 s. A spatial resolution (pixel 
size) in the range of 100 to 100 µm could be achieved under these conditions. Scan area was 
defined by 10 mm in length and 3 mm in width, covering fresh and aged pixels simultaneously 
for quantitative and qualitative analyses. Data were acquired and processed using Masslynx 
4.0 software and HDI 1.4 software (Waters Corp.). Multivariate analysis was performed using 
Progenesis QI 2.4 software (Waters Corp.) defining four regions of interest in each active area. 
An ultra-high resolution mass spectrometer (MALDI solariX FT-ICR 9.4T; Bruker, Karlsruhe, 
Germany) was used for the analysis. The mass spectrometer was operated in positive ion mode 
with m/z=1200 m/z with a resolution of 400000 at m/z 200. Two thousand laser shots (2 kHz 
via Bruker proprietary Smartbeam II MALDI source) were automatically acquired for each 
spectrum. 
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APPENDIX A: APPLICATION OF VOLTAGE RISE MODEL 
Consider the device structure shown below where x is defined from HTL to ETL. 
 
The generation rate of quencher density can be represented as follows: 
  2
[ ( , )]
[ ( , )] [ ( , )] [ ( , )] [ ( , )] [ ( , )][ ( , )]P E EP EE impQF QF QF QF QF
d Q x t
k P x t k k P x t N x t k N x t k P x t A x t
dt
      
Therefore, the density of quencher under constant current operation is represented as: 
 
 
0
2
0
0
[ ( , )] [ ( )] [ ( )] [ ( , )]
               [ ( , )] [ ( )] 1 exp( [ ] )
t
P E EP
QF QF QF
t
EE imp
QF QF
Q x t k P x t k k P x N x t dt
k N x t dt A x k p t
  
   


.  
The quencher density at position x, time t can be expressed by [ ( , )] [ ( )] ( )Q x t Q t g x   if the 
polaron, exciton, and impurity distributions do not change over time. The normalized quencher 
distribution function, g(x), satisfies the condition, 
0
( ) 1
x
g x dx  . If the total exciton density in 
the device during electrical operation is assumed to be proportional to that in the emitting layer 
[Ñ(t)], the voltage rise over time is represented as follows:  
 
0
0
( ) ( , )
xe
V t f x Q x t dx

     
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0 0
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0
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
. 
 Here, ( )Pg x  is the polaron distribution in the device, which can be calculated by drift-
diffusion simulation. ( )Ng x  is the exciton distribution in the device. The exciton profile in 
EML is obtained by the sensing layer method. ( )NPg x  is the overlap of the polaron profile 
and exciton profile in the device. ( )NNg x  is expressed as the square of the exciton profile in 
the device. ( )Eng x  is the profile of initial impurity density in the device. Then, V(t) under 
constant current can be expressed as: 
 21 2 3
0 0
( ) [ ( )] [ ( )] * 1 exp( [ ] )
t t
imp
QFV t C t C N t dt C N t dt A k p t
       
    , 
where  
1
0
[ ] ( ) ,
x
P
QF PC k P x g x dx   
2
0 0
( ) [ ] ( )
x x
E EP
QF N QF NPC k x g x dx k P x g x dx      , 
3
0
( )
x
EE
QF NNC k x g x dx   , and 
0
0
* [ ] ( )
x
EnA A x g x dx   . 
Thus, the voltage rise under electrical operation can be fitted with four fitting parameters 
representing the polaron-induced mechanism (C1), exciton-related first-order reaction (C2), 
exciton-related second-order reaction, (C3) and impurities (C4). 
 
APPENDIX B: EXCITON DENSITY, [N(t)] 
The initial density of the exciton, [N]0 is represented as 
0 ,int ,int[ ] ( )
H HD D
EF rec ET rec DD k k       
The changes of the exciton density over time is 
 
[ ( , ')]
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'
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d N t t
t k t k k k t N t t
dt
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 where, t is time with unit of hours and t’ is time with unit of ~ s .  
At steady-state for short time range (~ s ), 
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FIG. 1. Schematic diagram of the exciton generation and annihilation processes. ① Charge 
recombination at host. ② Energy transfer from host exciton to dopant. ③ Charge 
recombination at dopant. ④ Radiative and non-radiative decay of dopant exciton. ⑤ Radiative 
and non-radiative decay of host exciton. ⑥ Energy transfer from host exciton to quencher. ⑦ 
Energy transfer from dopant exciton to quencher. ⑧ Charge recombination at quencher. ⑨ 
Charge leakage from EML. ⑩ Biparticle interaction of dopant exciton. 
 
 
 
 
 
  
 FIG. 2. Electrical characteristics of the blue phosphorescent device used in our model. (a) 
Schematic device structure with energy (eV) diagram. (b) Chemical structures of dopant and 
host. (c) Current density–voltage–luminance (J–V–L) characteristics. (d) EQE as a function of 
current density (EQE–J). (e) Normalized EL spectra over time. The peak wavelength was 
constant during degradation. (f) Exciton profiles at 500 cd/m2 determined by the sensing layer 
method.  
  
 
 
 FIG. 3. Analysis of the electrical characteristics of the blue phosphorescent device used in our 
model over time. (a) The experimental driving voltage change (black line) was fitted by a 
voltage rise model, with (red dotted line) and without impurity factor (blue dashed line). (b) 
Luminance and EQE change as a function of time at initial luminance of 500 cd/m2 compared 
with the results of fitting based on different mechanisms where the impurity effect was included 
(c) Quencher densities generated over time by different mechanisms are indicated by 
differently colored areas. (d) The contributions of the reduced exciton formation efficiency 
(green) and the reduced EQE (yellow area) to EQE loss were compared with experimental data 
(dots) extracted from LT100 (fresh), LT75, LT60, and LT50 devices..  
  
  
FIG. 4. Exciton quenching rates due to the quenchers. (a) Quenching rates of dopant excitons 
through energy transfer from the dopant to quencher (red circles) extracted from the measured 
exciton lifetime (black square) using transient PL data. (b) Quenching rate of host exciton 
through energy transfer from host exciton to quencher (red circles) obtained from the reduced 
qeff(t) (black squares) and the integrated PL intensity after degradation of the device. (c) The 
operation time for LT80 (left scale, closed symbols) and the quencher generation rates in the 
EML (right scale, open symbols) under various initial luminance conditions.  
 
 
 
 FIG. 5. Electrical characteristic of 20% doped device (red). The data of 10% doped device are 
included to be compared (black). (a) (J–V–L) characteristics, (b) EQE as a function of current 
density (EQE–J). (c) Luminance change as a function of time at initial luminance of 500 cd/m2 . 
The lifetime of the 20% doped device is two time longer with LT50 of 431 hours at an initial 
luminance of 500 cd/m2. 
  
 FIG. 6. Analysis results of 20% doped device. (a) Exciton quenching rate of 20% doped 
device. (b) Fitting results of voltage rise model. (c) Quencher generation rate and density. (d) 
Prediction by luminance loss model for exciton quenching rate of 20% doped device.  
. 
 
  
  
FIG. 7. Desorption electrospray ionization mass spectrometry (DESI-MS) of electrically 
degraded device. (a) DESI-MS images of host, dopant, mCP, TCTA, DBFPO (left column), 
and degradation products (right column), and (b) tentative molecular structures and possible 
reaction pathways to form m/z=485.2 and 937.3. The intensities of the colors represent the 
relative amounts of materials. 
 
 
 
  
Table Ⅰ. Equations, units, measurable parameters, and experiments to determine the parameters 
used in the model. The numbers in the first column correspond to the processes in FIG. 1. 
# Equation Unit 
Measurable 
parameter 
Experimental 
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Table Ⅱ. Quencher generation rate constants from fit by voltage rise model. 
 
  
 
[ ]PQFk p  
 3 1cm s   
[ ]E EpQF QFk k p
 1s  
EE
QFk  
 3 1cm s  
[ ]impQFk p  
 1s , 
[A]0 
 3cm  
10% 151.4 10  12.5 10  178.0 10  11.6 10  172.1 10  
20% 147.84 10  11.24 10  175.87 10  29.1 10  171.3 10  
Table Ⅲ. Experimentally measured parameters used for device simulation 
Parameter Symbol Value 
Effective radiative decay rate of dopant D
rFk   
56.8 10  s   
Non-radiative decay rate of dopant 
,int
D
nrk  
49.2 10  s  
Radiative decay rate of host H
rk  
71.6 10  s  
Non-radiative decay rate of host 
,int
H
nrk  
81 10  s  
Host to dopant energy transfer rate HD
ETk  
106 10  s  
Recombination rate at host H
reck  
20 3 14 10 scm   
Recombination rate at dopant D
reck  
20 3 11.5 10 scm   
Ratio of exciton formation at hosta 
(optical excitation at 337 nm) 
PL  0.91   
Ratio of exciton formation at hostb 
(electrical excitation) 
EL  0.7   
Electron mobility in EML 
n  
9 22 10 /cm V s   
Hole mobility in EML 
h  
8 25 10 /cm V s   
Electron densityc n   17 33 10 cm  
Hole densityc p   16 35 10 cm  
Trapped hole densityc 
tp   
17 35 10 cm  
Width of emission zoned L   15nm   
Relative permittivity    3.5 
 
a: Calculated by ratio of absorption coefficient 
b: Calculated by ratio of recombination rate of host and dopant in the case of hole trap 
c: Assumed based on the drift diffusion simulation 
d: Measured by the sensing layer method 
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FIG. S1. (a) Each parameter is doubled compared to the best fit in FIG. 3(a), while other 
parameters are fixed. (b) Each parameter is doubled compared to the best fit in FIG 3(a), and 
other parameters are changed to be fitted in the experimental data.  
  
 
 
FIG. S2. Comparison of (a) LDI-MS and (b) DESI-MS.  
 
 
  
 FIG. S3. Mass spectra of degradation products compared to those of fresh pixels (m/z 937.3 
and 485.2). 
 
 
 
 
  
 FIG. S4. Relative intensity compared to fresh pixels of compounds comprising OLEDs in 
this study. The 100% reference line is shown in the figure. 
 
 
  
Table SⅠ. DESI-MS images of distinguishable compounds in LT10 and fresh pixel, and tentative 
molecular structure of those mass  
 
Material m/z
A/F fold*
DESI-MS images Tentative structure
NPB 589.3
DBFPO 569.1
degradation 
product
369.1
9.3
493.1
inf.
535.2
inf.
585.1
inf.
645.2
inf.
1528.5
2.1
1607.6
3.5
1612.5
inf.
1624.6
inf.
L10
Aged
Fresh
*A/F fold : Mass intensity ratio between L10 aged pixel and fresh pixel. inf. = infinity, absent in 
fresh pixel.
